Ecosystem functions in streams (e.g., microbially mediated leaf litter breakdown) are threatened globally by the predicted agricultural intensification and its expansion into pristine areas, which is associated with increasing use of fertilizers and pesticides. However, the ecological consequences may depend on the disturbance history of microbial communities. To test this, we assessed the effects of fungicides and nutrients (four levels each) on the structural and functional resilience of leafassociated microbial communities with differing disturbance histories (pristine vs.
. In addition, the predicted global change in temperature and humidity patterns over the next decades (Intergovernmental Panel on Climate Change, 2013) will allow invasive fungal pests to advance to higher latitudes, making increased application of fungicides inevitable to secure harvests in these systems (Fisher et al., 2012; Hakala, Hannukkala, Huusela-Veistola, Jalli, & PeltonenSainio, 2011) . During or following their application, fungicides and fertilizers can enter adjacent surface waters from agricultural fields, mainly via spray drift and runoff (Schulz, 2004) . The latter pathway is especially likely to become more significant under predicted climatic changes with increasing frequency and intensity of heavy precipitation (Easterling et al., 2000; Jeppesen et al., 2011; Rosenzweig et al., 2007) .
Detritus-based ecosystems such as low-order streams with a forested catchment strongly rely on allochthonous organic carbon, particularly leaf material, to fuel their productivity (Webster, 2007 ).
The energy stored in leaf material is made available to the remaining aquatic food web inter alia by decomposing microorganisms (especially the polyphyletic fungal group of aquatic hyphomycetes and bacteria; Gessner, Gulis, Kuehn, Chauvet, & Suberkropp, 2007) . During deforestation and agricultural intensification, however, local communities of microorganisms are likely to experience multiple stresses, including fungicide exposure and nutrient enrichment. While fungicides can affect fungal community composition with negative consequences on the functions provided by aquatic hyphomycetes (as reviewed in Feckler, Kahlert, & Bundschuh, 2015) , higher nutrient levels stimulate microbial leaf breakdown (e.g., Ferreira & Chauvet, 2011; Gulis & Suberkropp, 2003a) .
The extent to which shifts on the structural level are accompanied by changes in function relies on the diversity of the community and the tolerance of its individual members: under stress, communities with a higher biodiversity often show a higher stability in terms of ecosystem functions (redundancy hypothesis; Naeem & Li, 1997) . This is because tolerant species that can compensate for the loss of sensitive competitors and maintain ecosystem processes are more likely to occur in more diverse communities (sampling effect; Huston, 1997) . In other words, previously disturbed communities (i.e., communities with a history of exposure to the same stressor [s] ) might be more strongly buffered against negative impacts of exposure to chemical pollutants because of previous replacement of sensitive species with tolerant species (i.e., pollution-induced community tolerance [PICT]; Blanck, 2002) . However, since knowledge of the presence or absence of sensitive and tolerant species offers little information on their functional capacities, other traits (e.g., life-history, response, and effect traits) and commonness may also be relevant to understand functioning under stress (Bier et al., 2015; Violle et al., 2007) .
Here, we assessed the extent to which the disturbance history (pristine vs. previously disturbed) of leaf-associated microbial communities modifies their structural and functional plasticity toward fungicides as a function of nutrient concentration (four levels each; Table 1 ). As a functional variable, the microbial leaf breakdown rate was measured following a fully factorial (i.e., 2 9 4 9 4 factor) design over 21 days. We anticipated that fungicides would negatively affect microbial leaf breakdown rates (expectation [E] 1), while nutrients would compensate for these implications by stimulating microbial activity (E2). In addition, the functional responses should be explained by structural alterations (i.e., aquatic hyphomycete community composition, number of released conidia, fungal biomass, and bacterial abundance), in agreement with reported linkages between microbial community structure and processes (E3; Bier et al., 2015) . Finally, we anticipated the strengths of the effects to depend on the disturbance history of the leafassociated microbial communities. In accordance with the redundancy theory, the sampling effect, and the PICT concept, less pronounced effects on a functional level were anticipated for previously disturbed communities (i.e., from the agricultural stream; E4).
| MATERIALS AND METHODS

| General test design
To assess the individual and combined effects of disturbance history, fungicide exposure and nutrient enrichment on the structure and function of leaf-associated microbial communities, a 21-day semi-static bioassay was conducted applying a 2 9 4 9 4-factorial design.
The first factor-the disturbance history of microbes-was evaluated by generating inoculum from streams with distinct land uses (i.e., pristine vs. previously disturbed microbial communities; see below).
The second and third factors-fungicide exposure and nutrient enrichment-consisted of four sum concentrations each (Table 1) .
The fungicide concentrations were selected based on effect thresholds reported by ; the nutrient levels mimicked a nutrient gradient covering the 95th percentiles of NO 3 -N and PO 4 -P measured in the two streams the microbial inoculum originated from, but at a fixed concentration ratio of the two nutrients (i.e., 10:1; Table S1 ). The fully factorial design resulted in 32 treatments, each replicated six times.
| Chemicals
The selected mixture of five current-use organic fungicides covered different modes of toxic action (Table 1) , while the substances have been detected in the same streams within a 1 year period (LUWG, 2016 ). An artificial nutrient medium (for composition, see Table S2 ; Dang, Chauvet, & Gessner, 2005) with four concentrations of NO 3 -N and PO 4 -P (Table 1) was used for the preparation of fungicide stock solutions as well as the test medium. Nominal fungicide and nutrient concentrations in the test medium were verified shortly after test initiation and just before the first medium exchange (i.e., after 7 days). Fungicide concentrations were quantified as per Zubrod, Englert, Wolfram, et al. (2015) using an ultra-high-performance liquid chromatography-mass spectrometry system (Thermo Fisher Scientific, Dreieich, Germany). Water quality (including NO 3 -N and PO 4 -P) was analyzed commercially following accredited (Tables S3 and S4 ), the latter are reported throughout this study. All chemicals were purchased from Roth, Sigma-Aldrich or VWR (analytical grade or higher) unless otherwise specified.
| Sources of the leaf material and microbial communities
Senescent but undecomposed black alder leaves (Alnus glutinosa (L.) Gaertn.) were picked from trees near Landau, Germany (N 49°12 0 39″; E 8°13 0 15″), during autumn 2013 and stored at À20°C. Thawed leaves were sewn into nylon fine-mesh gauze bags (15 9 15 cm 2 ; mesh size = 0.5 mm; 10 leaves per bag) and completely immersed in streams to obtain a near-natural leaf-associated microbial community (i.e., conditioning) and generate inoculum for the bioassay. Two sites with distinct upstream land uses were chosen: first, the Pinglastr€ om, a near-natural stream located in a natural reserve near Knivsta, Sweden (N 59°46 0 19″; E 17°45 0 19″), surrounded by natural mixed forest harboring coniferous and deciduous tree species and characterized by low nutrient loads (hereafter referred to as "pristine"; Fig. S1 ; Tables S1 and S5 ). Second, the Vemmenh€ ogs an, a stream located near Skurup, Sweden (N 55°25 0 57″; E 13°27 0 16″; hereafter referred to as "previously disturbed"), surrounded by agricultural fields and thus characterized by high inputs of pesticides and nutrients over the last decades (Bostr€ om, G€ onczi, & Kreuger, 2014) and during the experiment ( Fig. S2 ; Tables S1 and S5-S7) . Differences in the disturbance history of microbial communities were conjectured based on the distinct upstream land uses associated with dissimilar inputs of pesticides and nutrients. After 14 days in the field, the leaves were carefully cleaned under running water to remove invertebrates. Next, approximately 500 fresh (i.e., unconditioned) black alder leaves were added to each set of field-conditioned leaves, thoroughly mixed and kept for another 14 days in 30 L of aerated stream water from the respective conditioning site at 10 AE 1°C (a temperature similar to those measured at the respective streams; data not shown) in darkness with complete water renewal after 7 days. An inoculum featuring microbial communities at various stages of colonization was generated by this approach (Gessner, Thomas, Jeanlouis, & Chauvet, 1993) .
| Bioassay
For each replicate, a set of two black alder leaf strips (~6 9 10 cm 2 each) was cut from unconditioned leaves. Leaf strips of known dry weight were individually sewn into fine-mesh gauze bands (6.5 9 10.5 cm 2 ; mesh size = 0.5 mm) after re-soaking of the leaf material in deionized water to avoid fragmentation. Each set of leaf strips was placed in an individual 250-ml glass beaker filled with 225 ml of test medium amended with the respective fungicide and nutrient concentrations (Table 1) . Moreover, each replicate received 2 g of inoculum (fresh weight; AE0.2 g) from one of the two conditioning sites. Replicates were randomly set up in a temperature-controlled room at 10 AE 1°C in darkness and were thoroughly aerated.
To correct for the leaf mass loss driven by leaching during the early stage of decomposition (cf. Gessner, Chauvet, & Dobson, 1999) , five additional replicates were set up per nutrient concentration but sacrificed after 48 hr. The medium, together with the respective fungicide and nutrient concentrations, was renewed every seventh day. After 21 days, the leaf material was retrieved. The remaining dry weight of one leaf strip was determined (by drying at 60°C for 24 hr and weighing to the nearest 0.01 mg) to assess the microbial breakdown rate (Benfield, 2007) , while leaf discs (diameter = 10 mm)
were cut from the second leaf strip for analyses of the leaf-associated microbial communities.
| Analyses of the leaf-associated microbial communities
The ergosterol content associated with the leaf material was measured as a proxy for fungal biomass according to Gessner (2005) . In brief, ergosterol was extracted from lyophilized leaf material (n = 5- According to the test design, four different concentrations of PO 4 -P and NO 3 -N were chosen for the present study for which the following definitions will be used throughout the manuscript: very low = 0.02 mg PO 4 -P/L, 0.2 mg NO 3 -N/L; low = 0.2 mg PO 4 -P/L, 2.0 mg NO 3 -N/L; moderate = 1.0 mg PO 4 -P/L, 10.0 mg NO 3 -N/L; high = 1.8 mg PO 4 -P/L, 18.0 mg NO 3 -N/L. MA, USA). High-performance liquid chromatography (1200 Series; Agilent Technologies, Santa Clara, CA, USA) was applied to quantify the ergosterol content at 282 nm, which was dry-weight normalized.
The aquatic hyphomycete community composition and number of released conidia were assessed following the procedure described by Fernandes, Seena, Pascoal, and C assio (2014) . Briefly, six leaf discs (diameter = 10 mm) were pooled per replicate (n = 5-6), transferred into 15 ml of sterile ddH 2 O and agitated on an orbital shaker at 120 rpm for 96 hr at 10 AE 1°C in darkness. Subsequently, conidia were prevented from attaching to the leaf material using 0.5% Tween 80 and were fixed in 2% formalin. An aliquot of 5 ml was filtered over a gridded membrane filter (pore size = 0.45 lm; S-Pack; Pall Corporation, MI, USA). Retained conidia were stained with cotton blue dissolved in lactic acid and identified using light microscopy were dry-weight normalized using another set of six leaf discs originating from the same leaf strips.
| Data analysis
The microbial breakdown rate k was individually calculated for each replicate after Benfield (2007) :
where dw i and dw f refer to the initial and final dry weight of the leaf strip, respectively, l is the dimensionless, empirical factor to correct for the leaf mass loss due to leaching (dependent on the nutrient level: 0.76-0.79), and t is the decomposition time (i.e., 21 days). Several concentration-response models (including lognormal, log-logistic, Weibull, Cedergreen-Ritz-Streibig, and Michaelis-Menten models)
were fitted separately for the pristine and previously disturbed communities for each of the nutrient levels to assess the functional response (i.e., the microbial breakdown rate) to the four fungicide concentrations tested. Consequently, the four best-fitting models (one for each nutrient level) were selected for each of the microbial communities. The models fitting the data best were selected based on visual judgment and Akaike's information criterion (all models and their respective parameters are reported in Table S8 ). Confidence interval testing (Wheeler, Park, & Bailer, 2006 ) was used to assess statistically significant differences in the breakdown rate between the pristine and previously disturbed microbial community at a given fungicide and nutrient level.
Univariate data (all variables with exception of the aquatic hyphomycete community composition) were checked for normal distribution of residuals and homoscedasticity using the Shapiro-Wilk test and Levene's test, respectively. If the assumptions for parametric testing were met, analyses were run on the original data. Otherwise, the data were ranked before proceeding (Conover & Iman, 1981) . Three-way ANOVAs were performed to determine the statistical significance of the assessed factors ("history," "fungicide," or (Kaiser, 1989 ) is provided wherever mathematically calculable, irrespective of statistical significance. Furthermore, the biological relevance of effects and their respective statistical significance levels are not necessarily linked (e.g., EFSA, 2011). Thus, the discussion of this paper reports, but is not exclusively based on, the statistical significance of the results.
The multivariate homogeneity of group dispersions (i.e., variances) was checked for data on the aquatic hyphomycete community composition. Next, statistically significant community shifts were identified with permutational multivariate analyses of variances (PERMANOVAs), performed on square-root-transformed data to reduce the effect of dominant groups (Clarke & Warwick, 2001 ) and applying Bray-Curtis dissimilarities as a distance measure between groups.
Species identified in only a single sample were removed from the data to reduce random noise. A "dummy species" with an abundance of 1 was added to each sample of the data, given that some samples did not contain any conidia for which the Bray-Curtis dissimilarity is undefined (Clarke, Somerfield, & Chapman, 2006) . Since each fungicide-free control was tested against the three fungicide treatments within the respective nutrient level, p-values were adjusted for multiple comparisons using the Benjamini-Hochberg method. Furthermore, nonmetric multidimensional scaling (NMDS) ordination plots (Clarke, 1993) were prepared for a graphical interpretation of the observed dissimilarities.
Data analyses were conducted and figures were prepared using the open source software R (version 3.0.2 for Mac OS X, 10.9; R Development Core Team, 2015) supplemented by the required addon packages. The level for statistical significance was set at p < .05, and the term "significant(ly)" is, hereafter, exclusively used in the sense of "statistical significance."
3 | RESULTS
| Responses to fungicides
Microbial leaf breakdown was modified in response to fungicide stress. However, the effect pattern depended on the disturbance history as indicated by a significant two-way interaction of these factors (p = .031; Table 2 ; Figures 1 and 2 ). For the pristine microbial community, breakdown was stimulated (~10%-66%; p ≥ .278) at the lowest fungicide concentration (6 lg/L) when compared with the respective fungicide-free control at the same nutrient level. At higher concentrations, mostly the opposite trend was observed (~10%-30% reduced breakdown; p ≥ .017; Figure 1 ; Tables 3, S9 , and S10). By contrast, the previously disturbed community showed only minor decreases (~10%-15%; p ≥ .853) or stimulation in their functional response even at 600 lg/L compared to the respective fungicidefree control (~15%-85%; p ≥ .053; Tables 3, S9 , and S11; Figures 1 and 2b).
For the leaf-associated fungal biomass, no significant difference was apparent for the two-way interaction between "fungicide" and "history" (p = .368; Table 2 ). This variable generally decreased bỹ 20%-60% in the pristine microbial community with increasing fungicide concentration (Figure 3a ; p ≥ .017; Tables 3, S9 , and S12), except at the low and medium nutrient level (2.0 and 10 mg NO 3 -N/L) where the fungal biomass increased by 20% and 5%, respectively, at the lowest fungicide concentration (p ≥ .278; Tables 3, S9, and S12). By contrast, fungal biomass tended to be mostly stable or even to increase (~2%-65%; p ≥ .132; Figure 3b ; Tables 3, S9, Table S9 ). For the pristine community, this observation can be explained by the elimination of Alatospora acuminata, Articulospora tetracladia, Clavatospora longibrachiata, Lemonniera filiformis, and Tricladium attenuatum and the dominance of Flagellospora curvula when exposed to the fungicide mixture. In the previously disturbed community, the shift in the aquatic hyphomycete community was driven by a fungicide-induced reduction or elimination of C. longibrachiata, Geniculospora inflata, T. angulatum, T. attenuatum, and T. curvisporum as well as the increase in the abundance of Tetracladium marchalianum and T. setigerum ( Fig. S3 ; Table S16 ). At the same time, fungicides affected aquatic hyphomycete species richness (p < .001; Table 2 ) with significantly fewer species at 600 lg/L at all but the very low nutrient treatment, independent of disturbance history (0.2 mg NO 3 -N/L; p ≤ .012; Table S17 ). In addition, this variable was significantly reduced at 6 lg/L at the moderate nutrient level, but only for the previously disturbed community (p = .024; Table S17 ). Likewise, the number of released conidia was negatively affected by fungicide exposure (p < .001; Table 2 ). For the pristine community, this led to significantly lower numbers of conidia at 600 lg/L at all but the very low nutrient treatment (100%; p ≤ .014; Figure 5a ; Table S17), whereas a significant effect for the previously disturbed community could be found only at 60 lg/L in the very low nutrient treatment (~80%; p = .026; Figure 5b ; Table S17 ). The impairment in conidial release caused by fungicide exposure was more pronounced for the pristine compared with the previously disturbed community ( Figure 5 ; Tables S16 and S17) as supported by the significance of the two-way interaction of "fungicide" and "history" (p < .001; Table 2 ). Although no clear effect pattern could be found ( Figure 6 ; Tables 3, S9 , and S14-S15), bacterial abundance was significantly affected by exposure to the fungicide mixture (p < .023; Table 2 ); this effect was independent of the disturbance history (p = .609; Table 2 ).
| Responses to nutrients
Nutrient enrichment significantly increased microbial leaf breakdown (p < .001; Figures 1 and 2 ; Tables 2 and 3, and Tables S9-S11 ).
However, this observation was almost fourfold more pronounced for the previously disturbed microbial community (~150% higher breakdown rate at the highest nutrient level; p = .003) than for the pristine microbial community (~40% higher breakdown rate at the highest nutrient level; p = .184). This distinct strength in the effects of nutrients on the two communities is highlighted by the significant two-way interaction between the factors "nutrient" and "history"
(p = .034; Table 2 ).
Fungal biomass likewise increased from the lowest to the highest nutrient level (p < .001), with significant differences between the two communities (p = .006 for the two-way interaction between "nutrient" and "history"; Tables 2 and S9 ). For instance, this variable was approximately 380% (p < .001) and 900% (p < .001) increased for the pristine and previously disturbed communities, respectively, at the highest compared to the lowest nutrient level (Figure 3 ; Table 3, Tables S9, S12 , and S13). The aquatic hyphomycete composition in the fungicide-free controls of the pristine community significantly differed among all nutrient levels (all comparisons p < .05; Fig. S4 ), triggered by an altered abundance of A. acuminata, A. tetracladia, and L. filiformis and the appearance of C. longibrachiata and Heliscella stellata at higher nutrient levels ( Fig. S3 ; Table S16 ). By contrast, the aquatic hyphomycete composition of the previously disturbed community showed a significant shift only from the lower (0.2 and 2.0 mg NO 3 -N/L) to the higher (10 and 18 mg NO 3 -N/L) nutrient levels (p ≤ .003; Fig. S4 ). This observation can be explained e406 |
by an increased abundance of T. marchalianum and T. attenuatum in the aquatic hyphomycete community at the two highest nutrient levels. Additionally, C. longibrachiata, T. angulatum, and T. curvisporum appeared only at higher nutrient levels ( Fig. S3 ; Table S16 ).
While nutrient enrichment significantly affected both the species richness and the number of released conidia (p < .001; Figure 5 ; Table 2 ), a significant two-way interaction with the factor "history"
was only found for species richness (p = .002) and not for the number of released conidia (p = .119; Table 2 ). The abundance of bacteria associated with the leaf material also significantly increased with | e407 nutrient levels (p < .001; Table 2 ). This pattern was stronger for the pristine (up to~440% increase; p < .001) compared with the previously disturbed microbial community (up to~220% increase; p = .01; Figure 6 ; Tables 3, S9, S14-S15). No significant two-way interaction with "history" could be found (p = .288; Table 2 ).
| Responses under the combined exposure to fungicides and nutrients
The combination of "fungicide" and "nutrient" did not significantly impact the microbial breakdown rates (p = .176); this observation was independent of the disturbance history (p = .635 for the threeway interaction among "history," "nutrient," and "fungicide"; Table 2 ).
However, when applying models to the pristine or previously disturbed community individually (i.e., reducing the data set to two multiple linear regressions), the interaction of "nutrients" and "fungicides" was close to significance (p = .057) and nonsignificant (p = .529; Fig. S5a,b ; Table S18 ), respectively.
For the number of released conidia and the bacterial abundance, a significant interaction between the factors "nutrient" and "fungicide" was found (p ≤ .035; Table 2 ). These interactions were dependent on the disturbance history of the communities as indicated by the significant three-way interaction among "history", "nutrient", and "fungicide" (p ≤ .009; Table 2 ). This dependency on the disturbance F I G U R E 2 Two-dimensional surface plots displaying the microbial breakdown rate (k microbial ; n = 6 for each tested combination of fungicides and nutrients) observed for the (a) pristine and (b) previously disturbed microbial community against a surface defined by the total fungicide concentration and the NO 3 -N concentration; NO 3 -N was chosen as the nutrient with the highest effect on microbial leaf breakdown (Fernandes et al., 2014) e408 | history might be triggered by distinct interplays between the applied stressors in the microbial communities. Significant (p ≤ .015) and nonsignificant (p ≥ .829) interplays of stressors were found for the pristine and previously disturbed communities (Tables S19 and S20), respectively. Together with the respective surface plots, this suggests additivity of effects of "nutrients" and "fungicides" for the previously disturbed community (Figures 5 and 6 ). For the pristine community antagonistic (number of released conidia; Figure 5 ) and synergistic (bacterial abundance; Figure 6 ) interactions of the stressors are indicated (Feld et al., 2016) . However, for fungal biomass and species richness, the interaction of "nutrient" and "fungicide"
was independent of the disturbance history, since no three-way interaction with "history" was found (p ≥ .693; Table 2 ). This independence of the disturbance history might be explained by significant interactions of the applied stressors (p ≤ .031; Table S21) that, together with the respective surface plot (Figure 3) , indicated an additivity of the applied stressors for both communities (Feld et al., 2016) .
| DISCUSSION
| Disturbance history-dependent structural and functional plasticity
The results supported our expectation of fungicide effects on microbial leaf breakdown (E1), with distinct effect patterns for the two T A B L E 3 Central tendencies (means or medians; with 95% CIs) observed for the microbial breakdown rate, ergosterol content, and bacterial abundance (n = 5-6), displayed separated for the pristine and previously disturbed microbial communities shown by in response to the same fungicide mixture. At the same time, nutrients were not able to buffer these effects (cf. Gardestr€ om, Ermold, Goedkoop, & Mckie, 2016) , given that leaf breakdown was reduced by up to~30% even at the highest nutrient level upon fungicide exposure. By contrast, the previously disturbed community did not reveal any negative functional effects, irrespective of the fungicide concentration. In fact, a statistically nonsignificant stimulation of the breakdown rates due to fungicides was uncovered, especially at low nutrient levels (~85% at the combination of 2.0 mg NO 3 -N/L and 600 lg fungicides/L; Figures 1 and 2 ). This pattern is possibly explained by the ability of microorganisms to adapt to pesticides and use them as a source of energy (Thrall et al., 2011) . Breakdown rates of the previously disturbed community were even more stimulated with increasing nutrient levels, both under control and fungicide-exposed conditions, indicating elevated microbial activity (Figures 1 and 2 ; Gulis & Suberkropp, 2003b ). These distinct effect patterns for the two communities, triggered by distinct interplays between the applied stressors, were also reflected in the additional models applied individually to the communities (i.e., two multiple linear regressions) and their respective surface plots. The nearly significant interaction term for the pristine microbial community (Table S18 ) points to a nonadditive interaction between nutrients and fungicides (see also Fig. S5a ). In fact, the respective surface plot (Figure 2a) suggests the interaction to be antagonistic (Feld et al., 2016) , with fungicides negatively affecting the supporting effect of nutrient enrichment (Fern andez et al., 2016) . However, for the previously disturbed microbial community, both the nonsignificant interaction term (Table S18 ) and the respective surface plot indicate additivity between the applied stressors ( Figure 2b , Feld et al., 2016) .
The previous disturbance of the microbial community from the agricultural stream (Tables S1 and S5-S7) likely allowed for its adaptation to fungicide stress and nutrient enrichment. According to the PICT concept (Blanck, 2002) , the replacement of sensitive species with tolerant aquatic hyphomycete species in this community maintained its function. In addition, the substantial increase in the breakdown rate of the controls with increasing nutrient levels ( Figure 2b ) points to nutrient limitations at low levels and thus an adaptation to environments characterized by a high nutrient availability. These adaptation processes should be accompanied by shifts in the aquatic hyphomycete community (Ferreira & Grac ßa, 2016) . Accordingly, the structure of control communities from the previously disturbed stream deviated substantially from the pristine stream community, with a dominance of potentially tolerant species (e.g., T. marchalianum and T. setigerum, Fig. S3 ; Table S16 ; for which superior breakdown rates have been reported (Andrade, Pascoal, & C assio, 2016; Raviraja, Nikolcheva, & B€ arlocher, 2006) . Moreover, both communities showed a modification in their aquatic hyphomycete community composition under fungicide exposure (Figure 4 ; Table S9 ) accompanied by a reduction in species richness (Table S17 ). However, adverse structural effects in terms of reduced diversity and fungal biomass (see below) possibly contributed to the observed negative effects on breakdown with increasing fungicide levels in the pristine community only. This effect pattern would agree with a meta-analysis of biodiversityecosystem functioning relationships by Hooper et al. (2012) , which illustrated changes in decomposition as a function of species loss.
By contrast, the opposite pattern was observed for the previously disturbed community, namely an increase in the functional response variable with decreasing diversity (Figures 1 and 2 ). The unlinked biodiversity-ecosystem functioning relationship in the latter case might be explained by the dominance of T. marchalianum and T. setigerum, which break down leaf material more efficiently (Andrade et al., 2016; Raviraja et al., 2006) and could be the drivers responsible for the maintained decomposition under stress (cf. Bier et al., 2015) . F I G U R E 4 Nonmetric multidimensional scaling (NMDS) ordination plots for the (a) pristine and (b) previously disturbed aquatic hyphomycete communities associated with the leaf material, displayed separately for the four different nutrient levels (n = 5-6). Symbols indicate the fungicide treatment (from the lowest to the highest concentration): circles (i.e., control), triangles (6 lg/L), squares (60 lg/L), and diamonds (600 lg/L). In addition, the concentrations are displayed by gray scale of the group centroids with white corresponding to the lowest and black to the highest concentration, respectively. Stress values are included as a measure of "goodness-of-fit" for the NMDS, with a value below 0.2 indicating a reasonable fit (Clarke, 1993) FECKLER ET AL.
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Tables S9 and S13) might have contributed to the elevation in the microbial breakdown rate. A hormetic effect of the applied fungicides that stimulated ergosterol synthesis (Calabrese, Mccarthy, & Kenyon, 1987) , which has recently been shown for tebuconazole , might be considered as an alternative explanation for this effect pattern. The higher ergosterol content thereby possibly protected fungi against oxidative stress (Dupont et al., 2012) . Additionally, the previously disturbed community showed a stable or less affected number of released conidia under fungicide exposure at the two highest nutrient levels when compared to the pristine community ( Figure 5 ; Table S17 ), potentially triggered by the supporting effect of nutrients that partially compensated for the fungicide pressure (Gulis & Suberkropp, 2003b) . It is, therefore, likely that the higher fungal biomass and the less affected number of released conidia of the previously disturbed microbial community contributed to the maintenance of their functioning under stress. Nevertheless, both fungal biomass and number of released conidia are also affected by species identity and thus by community composition (Duarte, Pascoal, C assio, & B€ arlocher, 2006) . If the fungal communities were dominated by species with a low or high production of biomass and conidia, the link between these structural variables and leaf breakdown may have been confounded, which explains the divergence from former studies (e.g., Gardestr€ om et al., 2016) . However, detailed information on individual hyphomycete traits is very limited and complicates a more mechanistic interpretation (Duarte et al., 2006; Pascoal & Cassio, 2008) .
Finally, bacteria also directly contribute to the microbial leaf breakdown (Hieber & Gessner, 2002) . However, despite a mostly increased abundance of bacteria under fungicide stress and higher nutrient availability in both communities (Figure 6 ), it seems that the bacterial contribution to leaf breakdown was low and could not Bacterial density (10 8 cells/mg leaf) F I G U R E 6 Two-dimensional surface plots displaying the bacterial abundance (10 8 cells/mg leaf; n = 5-6 for each tested combination of fungicides and nutrients) observed for the (a) pristine and (b) previously disturbed microbial community against a surface defined by the total fungicide concentration and the NO 3 -N concentration e412 | compensate for the impairment in the fungal communities, given that microbial breakdown rates did not follow the trend of higher bacterial abundances.
Therefore, the structure of the aquatic hyphomycete communities (i.e., fungal biomass, community composition, and number of released conidia) seems to explain the distinct functional effect patterns observed for both communities (E3; cf. Bier et al., 2015) . However, a more detailed picture of the traits (e.g., protein-encoding gene abundance and enzymatic activity) of aquatic hyphomycetes and bacteria would foster mechanistic understanding of the underlying processes (see Rocca et al., 2015) . This would open the door for a deeper insight into the performance of individual microbial species and their contributions to ecosystem functions under multiple stresses including different global change scenarios (Loreau et al., 2001 ).
Obviously, this is not limited to aquatic hyphomycetes and bacteria but is also valid for other microbial groups such as Chytridiomycota, Oomycota, and Zygomycota that might contribute to leaf litter breakdown to some extent (Manerkar, Seena, & B€ arlocher, 2008; Nikolcheva & B€ arlocher, 2004) .
| Consequences of agricultural expansion and intensification
The large-scale agricultural expansion in areas such as South America, sub-Saharan Africa, and Australia (Laurance et al., 2014; World Wildlife Fund -Australia, 2015) in combination with global climate change is likely to lead to a further intensification of fungicide and fertilizer usage (Fisher et al., 2012; Hakala et al., 2011; Kattwinkel, Kuhne, Foit, & Liess, 2011; Tilman et al., 2001) . In light of this study, this would cause adverse effects on the structure and function of leaf-associated microbial communities as an immediate response to such globally relevant environmental modifications. However, it may be assumed that the communities of formerly pristine systems will develop a PICT over time, ensuring the provisioning of leaf breakdown at a constant or even increased rate under elevated fungicide and nutrient concentrations. However, a PICT often induces a loss in biodiveristy. This structural effect, in turn, might limit these communities' plasticity to respond to additional stressors that do not share the mode of toxic action with the stressor the communities developed a tolerance for (sensu Vinebrooke et al., 2004) .
Moreover, the PICT concept might be falling short when focusing only on one function delivered by leaf-associated microorganisms, since they also modulate the palatability and nutritious quality of leaf material for leaf-shredding detritivores (B€ arlocher, 1985) . A modification of the aquatic hyphomycete community composition may, thus, result in unpredictable bottom-up directed effects in stream food webs (Arsuffi & Suberkropp, 1989; Gonc ßalves, Chauvet, Barlocher, Grac ßa, & Canhoto, 2014) . In fact, fungicides induced a community shift by replacing aquatic hyphomycete species considered as palatable for leaf-shredding detritivores (i.e., A. acuminata and T. angulatum; B€ arlocher & Kendrick, 1973; Arsuffi & Suberkropp, 1989; Grac ßa, Maltby, & Calow, 1994; Bundschuh et al., 2011 ) with less palatable species (i.e., T. marchalianum and T. setigerum; B€ arlocher & Kendrick, 1973; Grac ßa et al., 1994; Bundschuh et al., 2011) . Consequently, an implication in the quality of leaves as food for leaf-shredding detritivores is probable, with potential consequences for their life-history strategy (Zubrod et al., 2017) . However, leaf breakdown might be increased if fungicides and nutrient enrichment stimulate the abundance and biomass production of hyphomycetes preferred by leafshredding detritivores . This increased processing of leaf litter would stimulate detritivores' secondary production over the short term. However, over the long term, a lowered secondary production or curtailments of life cycles of some leafshredding detritivores might be observed, caused by a shortage of leaf litter stocks and thus food in affected stream sections (cf. Suberkropp, Gulis, Rosemond, & Benstead, 2010) . These knock-on effects on leaf-shredding detritivores may provoke pervasive modifications on the functioning of aquatic ecosystems given their key role in organic matter breakdown and carbon mineralization.
In conclusion, the results support our hypothesis of different effect 
